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SUMMARY 

The transcriptional signals underlying smooth muscle 
differentiation are currently unknown. We report here the 
complete sequence and characterization of the single mouse 
gene for the smooth muscle-specific protein SM 22 and the 
transcriptional activity of its promoter in cultured smooth 
muscle cells in vitro and in transgenic mice. In the trans- 
genic animals, promoter constructs ranging in length from 
445 to 2126 bp directed reporter expression initially in the 
heart and the somites of embryos and subsequently in the 
arteries of the vascular system, but in none of the visceral 
muscles, nor in the veins. Expression in the heart was 
spatially restricted to the presumptive right ventricle and 
outflow tract and disappeared in the adult. Likewise, 
expression in the somites was only transitory and was not 



INTRODUCTION 

The discovery of specific transcription factors that programme 
progenitor cells along the myogenic pathway has provided a 
new level of understanding of muscle differentiation (Olson 
and Klein, 1994; Buckingham, 1994), but which is mainly 
restricted to skeletal muscle. Despite much effort, matching 
progress has not been made with cardiac muscle and even less 
with smooth muscle. In particular, the absence of an in vitro 
model of smooth muscle differentiation has precluded the use 
of strategies so successfully employed with skeletal muscle 
(Davis et al., 1987) to uncover determinants of the smooth 
muscle lineage. An alternative, but less direct, approach 
involves initial characterization of promoters of genes 
encoding products specific for the smooth muscle phenotype, 
and entailing expression mapping of putative regulatory 
elements in vivo, in transgenic mice. The present report 
concerns such an analysis with the gene encoding the smooth 
muscle-specific protein SM 22. 

SM 22 is an abundant protein in smooth muscles, first 
isolated fi-om chicken gizzard and bovine aorta by Lees-Miller 
et al. (1987a,b) and sequenced by the same group (Pearlstone 
et al., 1987). Subsequently, SM 22 has reappeared and been 
cloned in various guises (p27; WS3-10; transgelin) according 
to its noted expression in different in vitro systems, in partic- 
ular in fibroblasts, where it can be upregulated either by serum 
stimulation (Almendral et al, 1989) or ageing (Thweatt et al., 



observed after about 14.5 days post coitum in the embryo. 
In the adult mouse, SM 22 promoter activity persisted in 
the smooth muscle cells of the arteries and was still notably 
absent from other smooth muscles, despite the ubiquitous 
presence of the endogenous SM 22 protein. These findings 
on the transcriptional activity of a smooth muscle promoter 
in vivo reveal the existence of different differentiation pro- 
grammes for smooth muscle cells in the veins and the 
arteries and raise the expectation of a further subdivision 
of programmes among the visceral muscles. 
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1992) or down-regulated by viral transformation (Shapland et 
al., 1993; Prinjha et al., 1994). In contrast to this promiscuous 
expression in cells in vitro, the in vivo expression of SM 22 
faithfully follows that of other smooth muscle markers such as 
calponin (Gimona et al., 1990; Frid et al., 1992) both during 
embryogenesis and in the adult (Duband et al., 1993; Lees- 
Miller et al., 1987b). Like calponin, SM 22 has also been 
singled out as a differentiation marker of smooth muscle via 
differential cDNA screening between cultivated primary 
smooth muscle cells and the same cells after multiple passages 
(Shanahan et al., 1993). 

As compared to other products of the differentiated smooth 
muscle cell, SM 22 offers particular advantages as a pheno- 
typic marker. It is uniformly expressed in smooth muscle 
unlike the smooth muscle actin isoforms (Vandekerckhove and 
Weber, 1981) and does not exhibit alternatively spliced 
variants as arise from the genes encoding caldesmon (Hayashi 
et al, 1992), metavinculin (Koteliansky et al., 1992) and the 
myosin heavy chain (Babij and Periasamy, 1989; Nagai et al., 
1989), which complicate analysis of expression patterns. 
Finally, its small size makes SM 22 more amenable to cloning 
stratagies. 

For the foregoing reasons, the attention of several groups, 
including our own (Solway et al., 1995; Kemp et al., 1995; 
Osboum et al., 1995; Li et al., 1996a, Mfissler, 1995) has 
recently turned to the analysis of the expression of the SM22 
gene to unveil smooth muscle-specific promoter elements. By 
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extending the analysis to expression in transgenic mice, we 
have been able to delineate a regulatory region including -445 
bp upstream of the transcriptional start site that directs specific 
expression in arterial smooth muscles in vivo. More surpris- 
ingly, the findings reveal that a specific regulatory programme 
is required for different smooth muscles, since the transgene 
expression in our lines is tightly restricted to the arterial 
system, being excluded even from veins, although SM 22 is 
expressed in both vascular and visceral muscles. While this 
work was undergoing revision, a report by Olson and 
coworkers appeared (Li et al., 1996b) describing very similar 
results. 



MATERIALS AND METHODS 

Cloning and characterization of the murine $M 22 gene 

Approximately 10^ recombinant phage from a murine C57/bl Lambda 
EMBL3 genomic library (kindly provided by Dr D. Plachov, Munster, 
Germany) were screened with the 890 bp Ball-EcoKV murine SM 22 
cDNA probe (Almendral et al, 1989; generously provided by Dr R. 
Bravo) labelled by random priming with a-[^2P]dCTP. Hybridization 
was performed overnight at 65°C in Church buffer. The filters were 
subsequently washed in 0.2x SSC (citrate-buffered saline), 0. 1% SDS 
(sodium dodecyl sulfate) at 65°C and positive plaques were purified 
to homogeneity through three successive rounds of rescreening under 
identical conditions. Three overlapping clones were isolated and one 
of them was found to contain the entire SM 22 coding region and was 
further used for restriction mapping and subcloning. The absence of 
rearrangements during the cloning procedure was confirmed by 
Southern blot analysis of mouse genomic DNA and of the genomic 
clones. The sequence of the SM 22 gene was determined on both 
strands by the dideoxy chain-termination method using the Sequenase 
V2.0 Kit (United States Biochemical, Cleveland, Ohio). 

Primer extension, 5'RACE and RNAse protection analysis 

Total RNA from cell lines and adult mouse tissue was isolated by the 
method of Chirgwin et al. (1979). mRNA was isolated with the Oligo- 
Tex mRNA purification kit (Quiagen Inc., Chatsworth, CA) according 
to the manufacturer's instructions. For primer extension analysis a 30- 
mer oligonucleotide designed to include the reverse complement of 
base pairs +36 to +65 of the SM 22 cDNA (5'-AAGGCTTG- 
GTCGTTTGTGGACTGGAAGGAG-3') was 5'-labelled with T4- 
polynucleotide kinase. Mouse uterine mRNA (5 fig) was hybridized 
at 55°C to 10^ cts/minute of probe and the primer extension reaction 
was carried out according to standard laboratory procedures (Maniatis 
et al., 1982). The reaction products were analysed by electrophoresis 
on 6% denaturing polyacrylamide gels. A sequence reaction using the 
same primer was loaded in the adjacent lanes to enable a direct deter- 
mination of the transcriptional initiation site. 

5'-RACE was performed using two 18 bp antisense oligonu- 
cleotides corresponding to base pairs +112 to +129 (5'-TTTTG- 
GACTGCACTTCTCOO and +162 to +179 (S'-AATCCACTCCAC- 
TAGTCG-3') of the SM 22 cDNA, respectively, essentially as 
described by Frohman (1990). For RNase protection analysis, a 417 
bp PCR fragment spanning the region from -352 to +65 of the SM 
22 gene was produced and blunt-end cloned into the Hincll site in a 
pBluescript SK+ vector. The sequence of the PCR fragment was 
verified. A a-^^P-labelled antisense RNA probe was generated from 
this construct linearized with Sphl at position -203 of the SM22 gene 
with T7 RNA polymerase. The probe (3x10^ cts/minute) was 
hybridized to 5 jig of mouse uterine mRNA at 42°C overnight. After 
hybridization, samples were incubated with RNase A and T (I hour 
at 37°C), precipitated and analysed as described for primer extension 
analysis. 



Reporter constructs 

Constructs used for transient expression experiments and transgenic 
animals were produced in a multistep process. First, a pGEM 7 
(Promega Inc., Madison, Wi) plasmid was digested with 
Nael/BspllOl, the Bsp\20l overhang of the vector was filled-in with 
Klenow enzyme and the plasmid was religated in the presence of a 
10 bp Sail linker, thereby deleting the lacZ fragment of pGEM7, intro- 
ducing a 5'fl/Isite and restoring the Bsp\20l site. Subsequently, a Pme\ 
site was introduced into the polylinker by ligating a Pmel linker with 
single-stranded Nsil overhangs into the Nsil site of the construct. 
Finally, the iacZ (P-galactosidase) gene coupled to a nuclear local- 
ization signal was isolated from pDes2.2nlz (Li et al., 1993) with 
Hindlll and Sad and inserted between the Hindlll and the Sad site 
of the modified pGEM 7 vector. This procedure yielded the promoter- 
less vector pnlz. Construct p352nlz, which comprises the proximal 
352 bp of the SM 22 promoter together with the first exon, was made 
by inserting the 417 bp PCR fragment mentioned above into iheXbal 
and Xhol sites of modified pGEM 7 vector. To construct p2l26nlz, a 
1.9 kbp BspllOVSphl extending from position -2126 to position 
-206 of the SM 22 promoter was ligated into p352nlz, which was 
digested with XbaVSphl to remove the fragment -352 to -206. 
Plasmid p445nlz was generated from p2l26nlz by removing the 
fragment from -2126 to -445 by digestion of Apa\ and Pst\. Plasmid 
p2126INTnlz was constructed by inserting a 5.8 kbp Bsp\10\IHin&\\\ 
fragment spanning the region from bp -2126 to 3651 of the SM 22 
locus into pnlz, giving pINT-nlz. Subsequently, a 496 bp PCR 
fragment spanning from bp 3648 to 4143 of the SM 22 locus was 
generated using a perfectly matching upstream primer and antisense 
downstream primer, which was designed to incorporate an artificial 
//mdlll site at position 4135-4140. This PCR product was cut with 
i/wdlll and ligated into the //mdlll site of pINT-nIz to yield 
p2126INTnlz. and correct orientation of the insert was verified. The 
construct p2l26INTnlz therefore contained 2126 bp of proximal 
upstream region, the first exon, the entire first intron together with the 
first 15 bp of the second exon but with the last 4 bp mutated finom 
CATG to GCTT to delete the translational start codon and to introduce 
a //mdlll site as outlined above. 

Cell culture and transfection 

Cultured rabbit aortic cells (J. Daniel-Laregi^re and J. Bonnet, 
personal communication) were grown under two conditions: in the 
proliferative state in the presence of 10% serum or without serum. In 
the absence of serum, all cells stained with anti-smooth muscle actin 
and desmin antibodies, indicating upregulation of smooth muscle phe- 
notypic markers in this condition. For transfection experiments, rabbit 
aorta cells were seeded into 6 cm Petri dishes and grown to approxi- 
mately 75% confluence before adding the transfection mixture. 
Transient transfections were performed using the Lipofectamine 
reagent (Life Technologies Inc.). In brief, 24 ng of Lipofectamine was 
added to 6 ^g of supercoiled reporter gene plasmid. After adding 3 
ml of DMEM the transfection cocktail was added to the cells. This 
mix was replaced after 6 hours with medium with or without 10% 
serum. Expression of the reporter gene product was analysed after 48 
hours by measuring p-galactosidase activity using the Dual-Light 
system (TROPIX Inc., Bedford, Massachusetts) according to manu- 
facturer's instructions. Relative activities were calculated as the mean 
of two independant experiments. The mean activity of the pRSV lacZ 
was taken as 100%. 

Production of transgenic mice 

Inserts of p445nlz, p2126nlz and p2126INTnlz were isolated by 
digestion with SaWPmel and subsequent gel electrophoresis, fijrther 
purified using the Geneclean kit (BiolOl, La Jolla, CA) and finally 
resuspended in 10 mM Tris-HCl pH 7,5, 0.1 mM EDTA. Transgenic 
animals were produced essentially as described previously (Li et al., 
1993), by injecting DNA into pronuclei of fertilized oocytes of inbred 
FVB mice. Eggs that survived injection were transplanted into the 
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oviduct of pseudopregnant B6/CBAFI fosters. Embryos were allowed 
to go to term and transgene expression was analyzed in the Fi embryos 
obtained by timed mating. Mice carrying the transgene were identi- 
fied by PCR and Southern blotting using tail DNA. For staging 
embryos, the day that the plug was observed was considered to be 0.5 
days post coitum (d.p.c.)- Construct 21 26nlz gave rise to three positve 
animals that transmitted and expressed the transgene. For construct 
2126INTnl2, two positive animals out of 28 were obtained and two 
expressed the construct. For experimental matings, transgenic mice 
were backcrossed with C57^1 mice and all histochemical staining 
experiments were performed with mice hemizygous for the transgene. 

Alternatively, (for construct p445nlz) founder embryos were killed 
at 13.5 d.p.c.and analysed for transgene expression. Three positive 
embryos expressing this transgene were obtained. 

Histochemical staining 

Whole embryos or adult tissues were fixed for 15-30 minutes at 4°C 
inl% formaldehyde in buffer A (100 mM sodium phosphate buffer 
pH 7.3, 2 mM MgCb, 0.01% sodium deoxycholate and 0.02% NP- 
40). After rinsing, specimens were stained overnight at 30°C in buffer 
A containing 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-p-D-galac- 
topyranoside; Sigma, St Louis, Missouri), 5 mM potassium ferro- 
cyanide, 5 mM potassium ferricyanide, and 20 mM Tris-HCl pH 7.3. 
Stained samples were rinsed again, dehydrated through increasing 
concentrations of ethanol, cleared in xylene and embedded in paraffin. 
Histological sections were cut at a thickness of 7-10 |Xm and coun- 
terstained with Ehrlich's hematoxlin and eosin. For whole-mount 
observation, embryos were cleared in a mixture of benzyl alcohol and 
benzyl benzoate (Dr E. Rovan, personal communication). 

For immunohistochemical staining, mouse tissues were fixed in 3% 
paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 3 
hours, embedded in Tissue-tek medium (Leica, Vienna) and sectioned 
at 5-10 \im on a Reichert cryomicrotome (Leica, Vienna). Selected 
sections were mounted and stained for SM 22 using a monoclonal 
antibody against SM 22 (Duband et al., 1993) at a dilution of 1/30 
and a Cy3-labelled secondary antibody (Biological Detection 
Systems, USA). Sections were viewed on a Zeiss inverted 135 TV 
fluorescence microscope and images collected via a back-cooled CCD 
camera (Princeton Instruments, Princeton, USA). 



RESULTS 

Characterization of the SM 22 locus 

Hybridisational screening of a mouse genomic library with the 
SM22 cDNA probe yielded three overlapping clones, one of 
which contained the complete SM 22 gene. A restriction map 
of this clone, which is partially depicted in Fig. 1 , was estab- 
lished. The complete sequence of the SM 22 gene was deter- 
mined on both strands and is shown in Fig. 2. Exons were 
located by comparison with the SM 22 cDNA sequence 
(Almendral et al., 1989; Solway et al., 1 995). The gene (EMBL 
database, accesion No. Z68618) spans 5923 bp 
from the transcriptional start site to the site of 
polyadenylation and the coding part is split in 5 
exons (Fig. I). All exon-intron boundaries match 
the consensus sequences (AG/GT). The first exon 
contains only leading sequence (65 bp) and the 
translational start codon is therefore located in the 
second exon separated from the translational start 
site by more than 4 kb of intronic sequence. Two 
putative polyadenylation signals are located at 
position 5905 and 5913 and several TGT-islands 
occur downstream of the polyadenylation site, 
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which presumably take part in the termination of transcription 
(Bimstiel et al., 1985). Sequence analysis further revealed the 
presence of three repeat sequences (Fig. I) highly homologous 
to B 1 elements. 

The transcriptional start site was mapped by primer 
extension analysis (Fig. 3). An antisense oligonucleotide com- 
plementary to the region +36 to 65 of exon 1 resulted in four 
extension products, the longest of which was 65 bp, indicating 
the start of the transcript at a G, 28 bp downstream of the 
putative TATA box. The slightly shorter extension products 
were most likely caused by premature termination of the 
primer extension reaction due to modifications (capping) at the 
5'-end of the mRNA. The assignment of the start site was 
confirmed by RNAse protection analysis yielding a protected 
fragment of 65 bp and by cloning and sequencing of a primer 
extension product derived from an independent reaction with 
an antisense primer located in the second exon of the gene (not 
shown). 

The sequence TTTAAA at position -28 bp (Fig. 2) is closely 
related to the consensus TAT AAA sequence and presumably 
functions as a TATA-box. Computational sequence analysis of 
the 5'-upstream region revealed the presence of many putative 
binding sites for ubiquitous transcription factors as well as 
elements that are known to contribute to the transcriptional 
regulation of muscle genes (Fig. 2). We found a total of 1 1 E- 
boxes (CANNTG; Murre et al., 1989), four Mef-2/rSRF motifs 
(YTAWAAATAR; Gosset et al., 1989), four putative SRF- 
binding elements (CC(A/T)6GG; Gustafson et ah, 1988), five 
AP-2-binding sites (CCCMNSSS; Mitchell et al, 1987), and 
five SP I core motifs (GGGCGG; Dynan and Tjian, 1983), 
Finally, we could locate an element homologous to the TGT3- 
3 motif (McNamara et al., 1995), which was recently shown 
to bind a smooth muscle nuclear factor and to contribute to the 
transcriptional regulation of the smooth muscle-specific a- 
actin gene. 

Expression In vitro 

In a first attempt to identify the cw-acting DNA sequences 
involved in the regulation of the SM 22 gene, a series of con- 
structs were tested in transient transfection experiments. Four 
constructs (p352nlz, p445nlz, p2126nlz, p2126INTnl2) were 
prepared using the bacterial lacZ gene with the nuclear local- 
ization signal of SV40 virus as reporter (Fig. 4A). The 
construct p352nlz and p445nlz started respectively from -352 
or -445 bp upstream of the initiation site and extended to 65 
bp in the first exon. The construct p2126nlz contained 2126 bp 
of proximal upstream region plus the first exon (65 bp) and the 
p2l26INTnlz was identical to p2l26nlz except for the addition 
of the first intron and the first 12 bp of the second exon (Fig. 
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Fig. 1. General features of the SM22 gene. Restriction map and exon/intron 
structure of the SM22 locus embracing the region -2126 to +6030. Transcriptional 
start site is indicated by right-angled arrow. Exons are boxed, with open boxes 
corresponding to non-coding regions. Arrowheads indicate positions of Bl -repeats 
(see Fig. 2). Abbreviations of restriction sites: A, Apal; B, BamHl; E, EcoKW; H, 
HindllUX^Xbal 
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GGGCCCCAGG/ATGTGTTTCCTTCTCTCCACCAT gTtTTTATAG CTCT TGGGCTGGGA GAAGAGGCGGGTCTGGGTCTTTGTTTCTGAGCTTTGTTCTAT - 2 0 2 6 

MEF-2 AP-2 

GTTCCTCCATGCTACGGTTG CAATTG TTTTCTATGAACGAGTACATTCAATAAAGACAACCAGACCTGGGATTTGGGGTCTTACTGATGTGTTGGGAGGT 
E-box 

GCAGGAGCCTCCGTGTCCCATTTATTTTGGCCTTCCCGTCTCGTTTCTGTGCGTGGCTACATTGGGAATGACCTTCCTTGATCCCACCAAGCCACCCATT 

GATTCTGTAA ACATGTG ACCCTTGCTCCAAGCATTGCTTACAGGAGCAGGATACTGAAAGTGTGTCTGTGCCCTCTCCTGATA ACCCCTCCC TTCAGCAG 

E-box AP-2 
GCACACA GCACCTGA CTACCCACCACGTATGTAAACGTCAGTATCCTTTCCAGCCAGCTCT GCAGATGG GTGTCCAGGCTGTGCATGATGCACC TCAAGT 

E-box E-box E-box 



TTTTGGTTTG 



TGCCTCTCCCTCCCGAGTCCTGGGAITAAAGGCGTGTCCCCATCGAGGAG^ 
" B«BP-2 
AGTGAATTCAGGACGTAATCAGTGGCTGGGAAGCAAGAGCTCTAGAGGAGCTCCAGCTTATTATGACCCTTCCT TCA 

B-box 

TTCTATGCACCAATAGCTTAAACCAGCa^GGCTGGCrGTAGTGGATTGAGCgTCTOAGGCTGCACCTCTCTGaCCTGCAGCC^ 

CCCTGCCTGAGGGTTCTCTCCTTCCCTCTCTCTACTCCTTCCTCCCTCTCCCTCTCCCTCTCTCTGTTTCCTGAGGTTTC - 1 0 2 6 

CArO AP-2 

AGAGACACCACTAAAGCCTTACCTTTTAAGAAGTTGCy^TTCAGTGAGTGTGTGAaACATAGCACAGATAG^ 

GTGTTTGGTCTTGGGTACTGAACTCAGACCAT CAGGTG TGATAG CAGTTG TCTTTAACCCTAACCCTGAGCCTGTC TCACCTGT CCCTTCCC^ 

E-box E-box E-box 

TGAAGCTAGGTGCAAGATAAGTGGGGACCCTTTCTGAGGTGGTAGGATCTTTCTVCGATAAGGACTAm 

MEF-2 

CTCTTACCCTAGTGTCTCCAGCCTTGCCAGGCCTTAAACATCCGCCCATTGTCACCGCTCTAGAAGGGGCCTICCCTTGACTTGCT 

CCCTAGAGAAGATACCATACCTGTGGGCAGGATGACCCATGTTCTGCCATGCACTTGGTAGCC - 5 2 6 

E-box B-box 

TTAAATGGAGTGGTAACTGCTATCTCATAATAAAGGGGAACGTGAGGAAGGCGTTTGGATAGTGCCTGGTTGOSGCCAGGCTGCAGTC 

CACCAACT CqATTTTAAA GCCTTGCAAGAAGGTGGCT TGTTTGTC CCTTGCAGGTTCCTTTGCTCGGGCCAAACTCTAGAATGCCTCCCCCTTTCTTTCT 

MEP-2 TGT3-3 
CATTGAAGAGCAGACCCAAGTCCGGGTAACAAGGAAGGGTTTCAGGGTCCTGCCCATAAA AGGTTTTTcCC G GCCGCCCT CAGCA CCGCCCCGCCC CGAC 

CArG CArG Spl Spl AP-2 

CCCCGCAGCATCTCCA7VAGCATGCAGAGAATGTCTCCGGCTGCCCCCGACAGACTGCTCCAACTTGGTGTCTTTC CCCAAATATGGA GCCTGTGTGGAGT 

CArG 

GAGTGGGGCGGCCCGGGGTGGTGAGCCAAGCAGACTTCCATGGGCAGGGAGGGGCGCCACGGGGCGGCAGAGGGGTGACATCACTGCCTAGGCGGCCTTT - 2 6 



Spl AP-2 ,, BXOn 1 J£l , . TATA 

AAACCCCTCACCCAGCCGGCGCCCC C^§^SS^gg3^g|S§^5^^ + 5 

box I ^ 



GTCATGGGAGCAGAAGGGCTGTGGGCTCAATTAGATCCCCTAGTCTCTTCTAGTTTGCTGGGTGGAATTGGGTCCCTAGAGACCATTCTCTGTGTTAGAC 
AAAAAGTCTGGGTTAAAATGCCTAGGATGATTTGACTGGGGOUU^GAATAAATGGGGTGAGAGGGAGGCTCAAATTCAGTCACT^ 
GTATGGGCTATGTGTTAGGCCCAAAGAGGTGACAAATGAGGCCAAGGGAACAACTCCATCTTTGGATCTCCaWVGAAGGTGAGG 
CAGTGACCCACrGATGGTCCCCAGGGCTAATGCAACTCGGGGGAGCCAGGAGGTAGCCCCCrCAGGO^GTGGAGGAC 

CTAGGGATCAAACCCCAGGGCGCTATGTGTGGCAGGCATGTGCTCCATCTACCyVCAGAAGTTTAATCCTTCAGACTAG^ +575 

CTTTCCTTTTCTCTCTCTCTCTCTCrCTCTCTCTCTCTCTCrCTCTCTCTCTCTCTCTCTTTCTTTCCT 

TTTTTCTTTTTTTCTTTCTTTTCTTTAGACAGGGTTTCTCT GT GTAGCCX^ 

AATCTACCTGCCTCTGCCTCCCAAGTG^ 

AGTAGGAGGTCAGTCCACTGTAGGCAGATAGGTGACAGGTGGCAGATAGGTGACAGATAGGTGACAGGTGGAGGAGCTTTGGAACTGGGACrG 

CTGGGACCCTGTTCCTCCCAAAGGGTCTTGGTGGTTCCCCTTGGGGCTCTCTAAAGGATGTCAGTGGGCTGTTGCCACATCTATATAAGAGGACrrAGTCT +1075 

TCTGGAATTTAGGTGTGATCTCTCAGGGATGCAGAAATGCTCACCCTTACTGTCATTTTATGGGCTGAGGTACCACAGGCAGATATACCCTGGTCTGCTT 

GTTGTCaVGGGTCTCTGCrACATGGAGGCCCCTTTCCACAGCCTAACCTCTCTACCTGCTGACyiGGAGGGCTGGATGGCCACA<^ 

Fig. 2. The complete nucleotide sequence of the mouse SM22 gene (6030 bp including the 2126 bp S'-upstream region). The putative 
transcription factor-binding sites are underlined. Lower case letters denote deviations from the consensus sequences. The dotted line indicates 
the positions of three Bl -repeat sequences. The transcriptional start site is shown by arrowhead. The sequence of the five exons are boxed 
(coding region only in exon 5). The start codon ATG, the stop codon TAG and two putative polyadenylation sequences AATATA are 
underlined. 
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TCATGCAGGTGTTTTGCGTTGGAGCTTTTGTCTAGAAATACCCTGGTGGGCTGCCAAACCACCACCCATATCCCTCTCTCCTCTCTGCTGCCTCTAAGAT 



ACATACATATATATTTTATTTGCTCTCCTGGCCTCTTCTCAAAGAGACTTCTCTGGACTTTCTTGTATTTTTGGTTGTGAGCCTAGCCTTTAACGGCTGA +1575 

GCCATCTCTCCAGCCCTTCTTTGGACTTTCTACTTCATACTTCCCACCAGTCTGGGAAGAAGGGCjy.CATGGAATCTTGAGAGCATGACCTGACCCAGACC 

TGACAGATGTCAAGGCTGCAGTGTATGCTCTTGTTCGTACGGCTTGTTCTTAGTCCTGCAGTTCAGAAC'ITTCTGGAGACTGAGAAGTGCATGTGAGGAC 

ACTCTCCTCCCATCTTTTCCTCTAGTGGCTAGTGATGTTTGGTTTTTTGTTTTGAGACAGGGTTTCTCTGTATAGCCCTAGCTATCCTGGAACTCACTTT 

GTAGATCAGGCTGGCCTCCAACTCAGAAATCTGCCTGCCTCTGCCTCCCGAGTGCTGGGACTAAAGGCGTGCGCCACCACTGTCCAGTCAGGAGTAGAAG 

GAAACTGTAAGGTGCTTGAGACAGGCTGAGTAGAGGCTAGGAGGAAGGGGCACCGCAGTCACCGGCTCCATGACTCT^^ +2075 

O^GCGGTTCCTGGTGGTGGTGGTGGTCGGGGGTTQGGGGGAGGGGGCAGGCCACACAGTGGGGTGTGGGAGGGAATAGCTGTT^ 

AACCAGGCTTTTGAGTCCrCCAGGGTAGCTTGAGAGGGTACTCAGAAAGCCGTGTCCATGTCCCCTTTCCITCACCTCA 

GTTGTCATTTCAATGAGGTCTTCTGGTTATTCTGTTTTTCTCTCAATGTTGGTGTTGGGCTCAGGGAATGC^^ 

GGAAGATO^GTTTACTGTGTAAACTCACTGGTTAAAGTACCCCCTCCCTTCCACCCTGCAATACACACACACACAC^ 

ACACCCCATCTCGAAGAGCTCTATTAAGCTCCAGGTGCACTGTAGTTCACAGACTGCATCTTCCAGGTTTGCTCCCACrTCAC +2575 
CTOAAGGGGGTGACAGCACAGGGGAAGGGAAAGCAAGATGTTTAGAGTCTGACAGCTGGCCCGGGACCAGAGCC^^ 

TCCACCTCCACGGCTGTGATGTGGAGAAGGTCCCCGCTTTCATGGGAAGGAGGTGGGGGAGCCTGTCATCTGCTCCATGCTCACACAAT^ 

CCAATGACCTCTCAGAAGCAGGGGTTGGTTTGCAAAATTCTTCAGATACCTCAACAGATGGCATCCCACTOVGGCTATCCCTGCTGACTA 

CAGCCCTGACTGTATCTACCCAGGGACCTACCTGCCTGCTTTGCTCCTATAGCCTTCCTCCGTGTCTGGGTCCCCAGAGAGCTGCCGGCATAGGCCT 

AGGCAACAGCTGGCATACAGGCCAGGCTTCCCATGCTCTGGCTAGCAGATTCTCTGCCCTGGAGGACTTTGACTGCATGGTTTCrrCTC^ 

GTCAGAGCTGGCCCACACGGGCACAACAGCGCACTTCCATCTGGGTCTCCCTGAGAATGCCGCTGTTTTCTGAGAACCCTTGGACTCTGGTGGCTTTATC 

AGGTCTTTTTGTCAGCTGCGCTTTGGGGGATGAACTTTGCTCTTCTGGCTTCTGGGTCAGAGGGTAAAGATTTGGTGGCAACCGGTAGCTAGAGAAA +3075 

AGCTACTGGCTGAATTTGGAGGACATGGCTTCTGGAAAACCTCTCTAGTGCTTTTCTGGCTAGTCTTGGCAAAGTAAAAATGCTCTGATAGCCAGCCCGG 

GTGATGCAGGGCTTCCTGTTCGAGGCCTTTCTGTACAAAATTAGTGAGACATTGCCTCAAAACTATGAAACAAGCCAGACTCTGTTGAAGCACGCCTTTA 

ATCCCAGCACTCAGGAGGCTGAAGCAGGCAAGATCTCTGTTAGTTGGAGGCCAGTCTACAGGAAAGTTCTACAACAGCAGAGGCCAGACAGTGCAACCCT 

TTCTGGGGGTGTGGGGGAGGAAAACCCAACAAAAACACAAACTATAAAACAAAGAGAAGGCCGAGQACAAAGCTTAGO^TGCATACTTCCCTTTCTATO 

TGAAGCCCTOGGCTCCACCAGTACTGCAGAAAGAAGGAAGaU^TGAGGGACAGGAGGTTGGCTCTAGGCCCAGG +3575 

AGGCAGCCI^TGTCTGTTTTTATAAACAAAATTTTATTGGCACAOVTTGGTTATGTATCAGCTAGGCTATTT^ 

TAAAGTCTAAAATATTTACTCTGCTGTTTTACATAAAAAGTTGACAGACTCTTGCrcrAGACTGACAAATATCTAA^^ 

TTCAGAGGGGTCTCTGCAGCAAGTGGGTAAAGCrGGTCTAGGTCATGCTATGATGTCTAGGGTCCCCTCAGAGTGGAAGGCCTGC 



TA^AGTAACTTGCTGGCTCTTTGTTCTTTTCTCCACACTCTATACTTTAG gai&T.G.g.grTvSJ^^^ 



+4075 



iPTAACCyTTGCGAAGGGAATCTAGGGATGTGTATCCACCCTACAAACTGTGAGA 



CAGACTCCCTGAGCTGAGTGTTCAGTTGTGTTCTGTACCTGGCAq^TTi<^i3^^ 




!gXay&TGT-TGA^<:=CTg.T;<TatfA"Gh TATAAGGAAAA^ 



CCACAACCAGCTCTGTTGATGTGTTCATAGCAGGAATGGGATATGCCAAGAGAACACATAGCAAGGGGACCAGCTTGGTGGTACAGCATTTCCCTTCTGG 
GTACAAGGGCCTGTTTTGGATCCTAGAATATCAAATATATACCACACCATACTCACTAGGGTTTAGAATATGGTCT^ 

Exon 4 

ACTTGCTCTTGGTTGGACCATTTTTGAAGCTGGGCAGGTATTGCCTATATGGTCCTGAAATTAGCTCCCTGGCCACTCTTCTCATAC^ gggggj^^ 
AGMGgJSjSA'GgGGAiS-mTm 



+4575 



ACTGGGTCTCTCTGTGGGGTTGGGGTGGCTTGGGCTGGTCAGTTGTGGTAAAGATCAGGTGTAGCaiGAGCCAC^ +5075 

AGGGGAAATGAGGTCCTACTTCTGCATTCCTACCTTTTGCCAGGTGTGCTCCACCAGGCTCCCTAACTCCTGGAGCO^CTCAG 

GACAAACAGGAAAGGAAGGGAGTCGAACAGGGAAGCAGCAGGGATCy^GGAAACAGTTGGAGAACACTAAGTTCTAGCAAGCCT 

Exon 5 



TTCTAGGAAAGCCCAGGAGCATAAG^gg^^gg^^^Ag^^g^g^^^^^gg" 


GGi^GGGGi5A"GGA"GGTv(5ATTTGGSGT,T<^^ 






\AAGGGAAGGCCAGCCCTGAGCTGCAGCATCCTGCTTAGCCTGCCTCAC 



+5575 



AAATGCCTATGTAGGTTCTTAGCCCTGACAGCTCTGAGGTGTCACTGGGCAAAGATGACTGCACATGGGCAGCTCCCACCTATCCTTAGCCTCAGCCCAG 
CATCTTACCCCAGAGCCACCACTGCCCTGGCCCCTGTTCCCAGCTGTACCCCCACCTCrACTGTTCCTCTCATCCTGGAGTAAGCAGGGAGAAGTGGGCT 
GGGGTAGCCTGGCTGTAGGCCAGCCCACTGTCCTTGATATCGAATGTCCTTTGAAGGAGACCaVGCCCAGCCTC^^ 
GGGTTGAAATTCAAAAAGGAAAAAAGAA AAATATA TAAATATATATATATATACATGTATCTCCATCTTTTCT 

ACTCCTGTTAGCATTCCAGGAACCCTGAGGGTGGAAGCATGTTGGGCTCACACGTT +6031 



4A). The expression of these four constructs was tested under 
two conditions in cultured rabbit aortic cells: in the prolifera- 
tive state (in the presence of 10% serum) or after serum with- 
drawal, under which condition markers of the differentiated 



phenotype have been shown to be upregulated. After transfec- 
tion of these different constructs, P-galactosidase was assayed 
using the x-gal reaction. As shown in Fig. 4B, comparison of 
transient expression of lacZ demonstrated that the construct 
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containing 2126 bp conferred high level expression in the 
absence of serum, whereas a 3-fold lower expression was 
found when cells were cultured with 10% serum. In the 
absence of serum, construct p445nlz showed a similar activity 
to p2126nlz, suggesting that this shorter region was sufficient 
to direct transcription. No expression was detected with the 
p206nlz recombinantJn a previous attempt to identify the ex- 
acting DNA sequences involved in the regulation of the SM22 
gene, Solway et al. (1995) also found that the 441 bp region 
of the SM22 5'-flanking sequence was necessary and sufficient 
to program high level transcription of a luciferase reporter gene 
in both primary rat aortic SMCs and A7r5 cells in vitro. 

Expression in transgenic mice 

To determine whether the promoter constructs derived from 
the SM 22 gene direct appropriate expression smooth muscle 
cells in vivo, we generated transgenic mice harboring 
the different SM 22'nhlacZ transgenes. For in vivo ^ 
analysis, we first used the construct p2 1 26nlz to test 
if this 5' flanking region contained sufficient infor- 
mation to target smooth muscle-specific expression 
of the transgene. We obtained three positive animals 
that transmitted and expressed the transgene. Two 
independent lines expressing this transgene were 
used for our initial studies. Embryos from 8.5 to 15.5 
d.p.c. were stained for P-gal activity. As shown in 
Fig. 5C-E, primary and progressive expression 
occurred in the vascular system of the developing 
embryo and was accompanied by transient 
expression (see further below) in the heart and 
somites. 




Fig. 3. Mapping of the transcription 
initiation site of the mouse SM 22 
gene by primer extension. Lane P, 
primer + 5 |Xg mouse uterine mRNA 
lane A, C, G, T dideoxy sequence 
ladder; sequence reaction was done 
by using the same primer. 
Transcription initiation site is 
indicated by arrowhead. 



Specific expression of the SM 22-lacZ 
transgene in arterial but not in venous or 
visceral smooth muscle cells during 
embryogenesis 

In the vascular system, expression was detected first 
in the dorsal aorta at around 9.5 d.p.c, (Fig. 5B), pro- 
gressing at 10.5 d.p.c. to the aortic arches and at 1 1 .5 
d.p.c. (Fig, 5C) to the iliac arteries, both umbilical 
arteries, the carotid arteries and the major vessels of 
the head. Transgene expression in the vasculature 
further increased through 12.5 d.p.c, at which time 
the intercostal vessels could readily be seen (Fig. 5D) 
and by 15.5 d.p.c. (Fig. 5E) p-gal was present in all 
the major vessels including those in the limbs and the 
tail. At this time, the staining of the pulmonary trunk 
also became evident. Histological sections revealed 
unexpected differences in the expression of the 
transgene in arteries and veins. The section through 
a 12.5 d.p.c. embryo in Fig. 6A shows high levels of 
expression in the muscle layers of both carotid 
arteries, the fourth aortic arch arteries, the proximal 
pulmonary trunk and the proximal part of the 
ascending aorta, whereas both the left and right 
anterior cardinal veins are unstained. The lack of 
transgene expression in venous muscle was also 
evident in sections through the ductus venosus, as 
well as the portal and the umbilical vein (not shown). 
The same situation was observed in the adult animal, 
where expression could be detected neither in the 
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Fig. 4. (A) Schematic representation of constructs of the SM22 gene using 
bacterial P-galactosidase (nlz) as reporter. Summary of the putative transcription 
factor-binding sites in the proximal promoter region are indicated. Ex 1 and Ex 2 
indicate incorporated exons and Int 1, intron 1. Numbers indicate positions 
relative to the transcriptional start point (right-angled arrow). (B) Transient 
transfectton analyses of the SM22n\z reporter plasmids in the cultured aortic 
cells under proliferating conditions (solid bars) and after serum withdrawal 
(differentiated conditions; hatched bars). Activities for each plasmid were 
determined as described in Methods. 
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vena cava (Fig. 7A) nor the pulmonary veins (not shown). 
These observations pointed to previously unrecognized differ- 
ences in the smooth muscle layers of arteries and veins. Higher 
magnification views of arteries showed that expression was 
restricted to the muscle layer and was absent from the endo- 
thelium (Fig. 6C). 

It became evident from the whole-mount preparations (Fig. 
5D,E) that transgene expression was absent from visceral 
smooth muscle tissue. This was unexpected, as the endogenous 
SM22 gene is known to be expressed in vascular and visceral 
smooth muscle tissue (see Introduction). In histological 
sections through the abdominal region of a 14.5 d.p.c. embryo, 
the muscle layers of stomach, gut and the developing bladder 
are easily recognized (Fig. 6B). Expression of the transgene in 
this region was clearly detected in both umbilical arteries, but 
in the visceral muscle layers of the stomach, the duodenum, 
the midgut, the hindgut, and the bladder essentially no p-gal 
expression was seen. Furthermore, expression was also absent 
from the esophagus, the trachea (Fig. 6A), and the bronchi of 
the lung (not shown). 

In view of the fact that Solway et al. (1995) had shown that 
a region embracing 441 bp was sufficient to programme high 
level transcription in smooth muscle cells in vitro, we analysed 
the expression of the shorter construct p445nlz containing 445 
bp of 5'-flanking sequence to +65 bp in exon 1. The three 
founder embryos (13.5 d.p.c.) obtained with this transgene all 
showed the same expression pattern as constructs p2l26nlz and 
p2126INTnlz (not shown), with the exception of one, which 
was particularly strongly stained, that showed an additional, 
but weak ectopic expression in the ribs. These results demon- 
strated that the regulatory elements sufficient for specific 
expression of the SM22 gene in the arterial smooth muscle cell 
in vivo are located between -445 and +65 bp. 

Transient expression of $M22'!acZ\n the right 
ventricle of the heart and somites 

As shown in Fig. 5, expression was initially detected at 8.5 
d.p.c. in the heart region of the embryo (Fig. 5A) and was also 
seen in the vessels of the surrounding yolk sac (not shown). At 
9.5 d.p.c, expression of lacZ in the heart increased and was 
confined to the presumptive right ventricle and the outflow 
tract (Fig. 5B). With further development from 11.5 to 15.5 
d.p.c, a regional segregation of label became evident and was 
confined to the right ventricle (Fig. 5C,D). Sections showed 
that expression occurred throughout the myocardium of the 
right ventricle with some minor scattered label in the left 
ventricle and the right atrium (Fig. 6A). This expression in the 
heart was only transitory, being absent in the adult (not shown). 
Early transgene expression was also observed in the rostral 
somites starting with 9.5 d.p.c (Fig. 5B), extending to more 
caudal somites at 10.5 d.p.c (not shown) and reaching a peak 
at 11.5 d.p.c (Fig 5C). Expression then diminished, starting 
with the rostral somites at 12.5 d.p.c (Fig. 5D) and finally was 
no longer detectable after 14.5 d.p.c (Fig. 5E). Expression in 
each somite lasted about 2 days, and could be seen in sections 
to be restricted to the myotomal region of the somites (Fig, 
6D). 

Restricted expression persisted in the adult 

The expression in the arterial system persisted in the adult, 
being most clearly visible in the aorta, the pulmonary trunk and 



the right pulmonary artery (Fig. 7A), as well as in vessels of 
the intestine (Fig. 7B), the bladder and the uterus (not shown). 

Fig. 7B shows that transgene expression was absent in the 
muscular wall of the colon, whereas the adjacent mesentery 
vessel was strongly positive for P-gal. Endogenous SM 22 
protein could however be demonstrated in both tissues by 
immunofluorecence microscopy, using an antibody against SM 
22 (Fig. 7C). The same antibody also labelled smooth muscle 
cells in both veins and arteries in the adult animal (Fig. 7D). 
The lack of transgene expression in adult visceral smooth 
muscle was further confirmed by staining specimens of the 
esophagus, the trachea, the bladder, the vas deferens and the 
uterus for p-gal activity. In no case could any expression in the 
muscle layers of these tissues be detected (not shown). 

Addition of intron 1 (p2126INTnlz) does not modify 
expression pattern 

Since a large intron within the 5'-leading sequence seems to be 
a common feature of smooth muscle-specific genes (Reddy et 
al., 1990; Babij et al., 1991; Miwa et aL, 1991; Mossier, 1995; 
Solway et al., 1995; Kemp et al., 1995), we speculated that the 
4 kb long intron 1 sequence could be involved in the regula- 
tion of the SM22 gene in other smooth muscle tissues. Using 
the longer construct (p2126INTnlz), we obtained two positive 
animals out of 28, one of which transmitted and expressed the 
construct. The expression pattern of p2126INTnlz containing 
intron 1 was identical to p2126nlz at all stages observed, except 
that the staining intensity was sligthly less due either to a lower 
copy number of the transgene or to a low splicing efficiency 
of the primary transcript. This result suggests that the 4 kb long 
intron 1 is not essential for 5M22-specific expression. 



DISCUSSION 

Features of the SAf 22 promoter 

The expression of SM 22 is directed from a single copy gene 
now cloned fi-om both mouse (Solway et al., 1995; Mossier, 
1995) and rat (Osboum et al., 1995; Kemp et al., 1995). Com- 
parison of the reported mouse sequence with our own reveal 
some minor base differences, presumably due to strain differ- 
ences; larger deviations from that of the rat are however 
evident. Osboum et al. (1995) have identified an extra intron 
and two transcripts for the rat gene, but neither northern blots 
(Mossier, 1995) nor the present primer extension assays gave 
any evidence for this in mouse (see also Solway et al., 1995). 
Common features of the mouse and rat proximal promoters 
include two CArG boxes (Gustafson et al., 1988) in similar 
positions and several SP 1 motifs. The serum activation of SM 
22 expression in non-muscle cells (Mossier, 1995; Almendral 
et al., 1989) is similar to that described for a-smooth muscle 
actin (Kim et al, 1993) and presumably involves the CArG 
motifs. For a-smooth actin, these motifs endow some degree 
of smooth muscle specificity in vitro and bind nuclear proteins 
from cultured smooth muscle cells (Shimizu et al., 1995; 
Cogan et al., 1995; Blank et al., 1995). CArG motifs are also 
present in the smooth muscle myosin heavy chain gene (Katoh 
et al., 1994) but their wide distribution in genes for cardiac and 
skeletal muscle (Sartorelli et al„ 1990; Lee et al.,1991) indicate 
that they are not smooth muscle specific. Nevertheless, reporter 
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assays with cultured smooth muscle cells have shown that trun- 
cation of the mouse SM22 promoter to exclude the more distal 
CArG motif (at -273) reduced expression by 80% (Solway et 
al., 1995) although a less dramatic effect was observed for a 
similar construct of the rat SM 22 promoter (Kemp et al, 
1995). 

MADS-Box transcription factors belonging to the MEF-2 
family have been shown to be expressed in smooth muscle 
tissue (Yu et al, 1992). Recently, it has been found that the 
single MEF-2 isoform in Drosophila is required for the 
formation of all three muscle types (Bour et al., 1995; Lilly et 
al." 1995). Five A/T-rich elements matching the MEF-2 
consensus sequence are present in the regulatory region of the 
SM22 gene. It remains to be elucidated whether these elements 
are binding sites for MEF-2 isoforms and take part in the 
regulatory process of the SM 22 gene. 

A total of 1 1 E-boxes could be found in the upstream region 
of the SM 22 gene, although in the proximal 
promoter region (-445 bp) no E-box is 
present. The activity of the SM 22 regulatory 
region seems to be unaffected by these 
elements both in vitro in cultured smooth 
muscle cells (Solway et al., 1995) and in vivo 
(our results), suggesting that basic helix-loop- 
helix (bHLH) transcription factors are not 
required for the expression of smooth muscle- 
specific genes. According to the current 
paradigm in developmental biology (Olson, 
1990), additional factors and their binding 
motifs restricted to the smooth muscle lineage 
are required for the specific regulatory 
programme in these cells, A possible canditate 
is the TGT3-3 motif, which has recently been 
shown to confer positive regulation to the 
smooth muscle a-actin gene in cultured 
smooth muscle cells and to bind nuclear 
factors extracted from them (McNamara et al., 
1995). Significantly this motif also features in 
the SM 22 genes of both mouse and rat (this 
study; Solway et al., 1995; Kemp et al, 1995). 



Restricted expression of the SM22 
transgene in vivo 

The transient expression that we observed for 
all constructs in the heart region and in the 
somites of the embryo correspond to that 
described for the SM22 endogene using in situ 
hybridization (Li et al., 1996a). The transient 
expression in the progenitor cells of skeletal 
and cardiac muscle is not surprising in view of 
the promiscuous expression of smooth muscle 
actin isoforms in these muscles during devel- 
opment (McQuinn and Schwartz, 1995). This 
overlap in expression of gene products also 
occurs between skeletal and cardiac muscle 
(Kelly et al., 1995). Most interesting in the 
latter respect is that the transient expression of 
the skeletal muscle myosin Hght chain gene 
(encoding MLC3F) is spatially restricted to 
the atria and the left ventricular compartments 
of the embryonic mouse heart in a comple- 



mentary fashion to the SM ll-lacZ gene expression, which 
occurs in the outflow tract and the presumptive right ventricle. 
Our findings thus provide further support for the existence of 
differentially programmed cell populations in different regions 
of the heart (Kelly et al, 1995). 

More strikingly, the present results demonstrate that there is 
a subdivision of expression programmes for smooth muscle 
cells according to which organs they invest. Had this subdivi- 
sion been between visceral and vascular muscles it would have 
been less surprising, but we see that even the smooth muscle 
progenitors of the arteries and veins are directed by different 
developmental cues. The findings in this report point to dif- 
ferences in smooth muscle cell populations that were not 
formerly recognized. 

Tracing the lineage of smooth muscle differentiation has 
been hampered by the lack of early markers (Owens, 1995) 
and, in consequence, little has been established about the 




Fig. 5. SM22 expression in transgenic mouse embryos. Whole-mount pictures of p-gal- 
stained embryos of the following ages: 8.5 d.p.c. (A), 9,5 d.p.c. (B), 1 1.5 d.p.c. (C), 12.5 
d.p.c. (D) and 15.5 d.p.c. (E). For details see text. Abbreviations: h, heart region; so, 
somites; da, dorsal aorta; i,intercostal vessels; k, kidney. 
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Fig. 6. Histological sections of p-gal-stained 
embryos. (A) Section through a 12.5 d.p.c. 
embryo at the level of the heart showing intense 
staining exclusively in the myocardium of the 
right ventricle (rv) and in the walls of the 
arteries. Abbreviations: a, proximal part of the 
aorta; a', fourth aortic arch arteries; c, carotid 
arteries; e, esophagus; Iv, left ventricle; p, 
pulmonary trunk; rv, right ventricle; t, trachea; 
V, left and right cardinal vein. Bar» 200 \im. 
(B) Section through the abdominal region of a 
14,5 d.p.c. embryo showing staining of both 
umbilical arteries (u) and absence of label in the 
visceral organs: b, bladder; d, duodenum; h, 
hindgut; 1, liver; m, midgut; st, stomach. Bar, 
200 ^m. (C) Higher magnification image of 
umbilical artery of a 12.5 d.p.c. embryo showing 
exclusive labelling of muscle layer and negative 
reaction in the endothelium (e). Bar, 50 \im. 
(D) Section through a tail somite (12.5 d.p.c.) 
showing label in the myotome and the artery of 
the tail (a). Bar, 100 [im. 




Fig. 7. Transgene expression in adult mice (6-8 
weeks old). (A) Top view of a heart whole mount 
showing intense staining of aorta (a)» the pulmonary 
trunk (pt), and the pulmonary artery (pa) and 
absence of staining in the vena cava (vc). 
(B,C) Sections through the smooth muscle layer (m) 
of the adult colon and an adjacent mesentery artery 
(ma). Staining for p*gal (B) showed that transgene 
expression is restricted to the artery, whereas 
immunofluorescence with the SM 22 antibody (C) 
revealed expression of endogenous SM 22 in 
smooth muscle cells of both artery and colon. Bars, 
100 ^m. (D) Section through abdominal aorta (aa) 
and vena carva (vc) of an adult animal labelled with 
the SM 22 antibody and showing SM 22 protein 
expression in both vessel types. Bar, 500 ^m. 
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origins of smooth muscle cells, apart from the observation that 
different populations arise from the mesoderm and the neural 
crest (Gittenberger de Groot et al., 1995). Since smooth muscle 
cells readily de-differentiate in vitro (see above) and show the 
same plasticity in vivo, especially in response to lesions in the 
arterial wall (Ross, 1993), we can expect that extrinsic pos- 
itional cues (Owens, 1995) play an important part in signalling 
and maintaining the differentiated smooth muscle phenotype. 
Smooth muscle cell layers are typically formed around the 
epithelial borders of the organs requiring their contractile prop- 
erties, so that inductive cues, if they exist, most likely derive 
from the epithelium. The type of smooth muscle cell 
programme set in action could then be defined by the character 
of the epithelium, giving the possibility for subtle modulations 
in the properties of the associated smooth muscle cells. In this 
context, we would expect the existence of additional elements 
in the SM 22 gene that respond to different extrinsic tran- 
scriptional cues. Taking this line of argument, the present 
promoter construct may include elements responsive only to 
cues from the arterial system. In view of the recent findings 
showing that the expression of the muscle protein desmin in 
skeletal and cardiac muscle (Li et al., 1993; and unpublished 
results), and by inference in smooth muscle, involves spatially 
different regions of the single desmin gene, we might expect 
that different regions in the SM 22 gene specify expression in 
different smooth muscles. 

In conclusion, the present findings raise new and interesting 
questions about the factors that determine a subdivision of the 
smooth muscle system as well as about its functional and phys- 
iological consequences. Further, the identification of a 
promoter region specific for expression in the arterial wall 
raises interesting possibilities of appljdng gene therapy 
following arterial injury (Ohno et al., 1994). After completion 
and submission of this work, a paper by Li et al. (1996b) 
appeared, describing very similar findings. We confirm and 
extend the observation of these authors. 
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